Abstract: Hypersonic wind tunnels are used for investigating the aerodynamic properties of vehicles during re-entry missions. This paper aims at designing a model reference adaptive control (MRAC) and modified adaptive control (MAC) for regulation of pressure inside the settling chamber of a hypersonic wind tunnel. MRAC is designed based on the MIT rule for a selected reference model. For improving the performance characteristics, MAC is designed by incorporating suitable modifications to the cost function and control law of MRAC. The dynamic characteristics of settling chamber pressure with model reference adaptive control as well as modified adaptive control are studied by numerical simulations of hypersonic wind tunnel model. Results show that the proposed modified adaptive control scheme is highly efficient in controlling the settling chamber pressure within a very short settling time and zero overshoot with an added advantage of overcoming the chatter effect.
Introduction
The study of aerodynamic performance of space vehicles is very critical for optimising the design of the launch vehicles so as to ensure safe return of the vehicle during re-entry (Nott et al., 2008; Savino et al., 2009; Rajani et al., 2012b) . Ground-based testing facilities like the wind tunnel systems are very essential for such purpose wherein flight conditions of space vehicles are simulated. Hypersonic wind tunnels are used to facilitate hypersonic flow regime, operating at Mach numbers above 5, to characterise the aero thermal properties of the vehicle to be tested. Intermittent blowdown hypersonic wind tunnels are more cost effective than the continuous type systems and are hence carefully calibrated for effective utilisation of the limited testing time (Rajani et al., 2012b; Jacob and Binu, 2009; Lee et al., 2014; Braun et al., 2008) .
The general schematic of hypersonic wind tunnel system is shown in Figure 1 which consists of different subsystems viz. high pressure storage tank (HP), pressure regulating valve (PRV), heater (H1), settling chamber (SC), nozzle (NOZ), test section (TS), diffuser (DIF) and vacuum (V) (Nott et al., 2008; Savino et al., 2009; Rajani et al., 2012b; Jacob and Binu, 2009; Rini Jones et al., 2011a) . Atmospheric air is compressed and stored in the high pressure storage tank. Testing is carried out by passing air at high speeds over the specimen kept in the test section. For this, the compressed air from the storage tank is released through a PRV, heater and the SC to the test section. From the test section, air is released to a vacuum vessel through a diffuser which reduces the flow velocity. The heater helps to avoid liquefaction of air when it is expanded through the nozzle to achieve the required mach number for the hypersonic flow in the test section. A constant hypersonic flow is to be maintained in the test section throughout the test run. However, the storage tank pressure decreases continuously during a test run which will indirectly reduce the SC pressure. Therefore, SC pressure is to be controlled by pressure regulator valve (PRV) with variable stem movement facility. The control of the valve opening is very crucial for maintaining the SC pressure in hypersonic flow which is achieved by properly designing a suitable controller.
Various linear as well as nonlinear controllers have been developed for different wind tunnel systems (Nott et al., 2008; Jacob and Binu, 2009; Braun et al., 2008; Rini Jones et al., 2011a; Bottasso et al., 2014; Bhoi and Suryanarayana, 2008; Hwang and Hsu, 1998) . A lumped parameter model for hypersonic wind tunnel system has been developed based on the flow rate and the continuity equations for the three pressure vessels viz. HP, H1 and SC (Jacob and Binu, 2009; Rini Jones et al., 2011a , 2011b . Linear controllers like LQR, H-infinity (Rajani et al., 2012a) and nonlinear controllers like adaptive fuzzy PI and backstepping controllers have been developed for regulation of SC pressure in tunnel systems based on the above model (Jacob and Binu, 2009; Rajani and Nair, 2013) .
Adaptive control scheme is highly efficient in regulating the variations in system dynamics (Makoudi and Radouane, 1999; Liu et al., 2014) . For this reason, it has been widely applied in the control process of various systems (Makoudi and Radouane, 1999; Liu et al., 2014; Zareh and Soheili, 2011; Hieu et al., 2013; Jain and Nigam, 2013; Cao et al., 2016) . These control schemes are supervisory controls capable of handling long response times and process disturbances better than linear controllers (Jacob and Binu, 2009) . Model reference adaptive control (MRAC) is based on MIT rule capable of compensating for variations in process dynamics in order to optimise the system performance. Here, we investigate the efficiency of a MRAC scheme in regulation of SC pressure inside hypersonic wind tunnel system. Based on the performance of MRAC, we propose suitable modifications for overcoming its limitations of overshoot and chatter effect in regulation of SC pressure. Thus we propose a new modified adaptive control (MAC) scheme which is developed by incorporating suitable modifications to the cost function and update law, thereby redefining the control law of MRAC scheme. In this scheme, the cost function is suitably adjusted which helps in overcoming the chatter effect while appropriate modification of update law reduces the overshoot in the response of the system. The proposed scheme of MAC is found to be efficient in overcoming the shortcomings of MRAC for the hypersonic tunnel system.
Wind tunnel system
Hypersonic wind tunnel is a self contained facility. It comprises an air storage tank or high pressure system (HP), PRV, heater (H1) and SC, nozzle (NOZ) and the test section (TS). Air is used as working fluid in the test section.
Atmospheric air is compressed to the required pressure and is stored in the HP. This air is released to the SC through a PRV to create the desired pressure in the SC. Before releasing into the SC, this air is passed through the heater, H1 to provide high stagnation temperature thereby preventing condensation during the hypersonic expansion. The model to be studied is contained in the test section to which air is passed from the SC through the nozzle. Testing is to be carried out with constant stagnation pressure in the test section. However, during the acceleration of air through the tunnel, the mass reduces continuously which leads to an unsteady pressure in the SC. Therefore, the pressure in the SC has to be maintained constant using suitable control technique (Savino et al., 2009; Rajani et al., 2012a Rajani et al., , 2012b Jacob and Binu, 2009; Rini Jones et al., 2011b; Rajani and Nair, 2013) for obtaining stable air flow. The test time is affected by the air storage volume, pressure, capacity and temperature of the three vessels, valve losses in the PRV connecting HP and H1 and the pressure in the test section (Savino et al., 2009; Rajani et al., 2012b; Jacob and Binu, 2009 ).
The mathematical model for the hypersonic wind tunnel system is developed by considering the total system as three pressure vessels (Jacob and Binu, 2009; Rini Jones et al., 2011b) . The storage tank, HP is considered as the first pressure vessel, heater, H1 as the second pressure vessel and the SC, SC as the third pressure vessel. Block diagram representation of the modelled systems (Savino et al., 2009; Rajani et al., 2012a Rajani et al., , 2012b Jacob and Binu, 2009; Rini Jones et al., 2011b; Rajani and Nair, 2013 ) is shown in Figure 2 (Rajani et al., 2012b) . The continuity equations for the three pressure vessels are represented in terms of the corresponding flow rates, F 1 , F 2 , F 3 as (Savino et al., 2009; Rajani et al., 2012b; Jacob and Binu, 2009) ,
where
represents the gas capacitances expressed in terms of volume and T 1 , T 2 , T 3 are the temperatures of the three pressure vessels, R is the gas constant of air and n, is the polytropic index. From empirical analysis (Jacob and Binu, 2009) , the values of physical parameters are assumed viz, total volume of the compressed air storage tank as 132 m . The nominal test conditions for the plant is considered with the temperatures in the three vessels at T 1 = 300°K, T 2 = 700°K and T 3 = 539°K, respectively and initial pressure in air storage tank as 300 × 10 5 Pa. Using appropriate parameter values (Savino et al., 2009; Rajani et al., 2012b; Jacob and Binu, 2009) in the continuity equations for the dynamics of three pressure vessels, the state space model of the tunnel system can be represented as follows: 
where P 1 and P 2 are the upstream and downstream pressures, P 3 is the SC pressure, u = m is the stem movement of pressure valve which controls the flow rate from the storage tank to the heater. , -22.86 * 10 -5 and K n is the nozzle flow constant whose value is 0.0404A where A is the area of the pipe whose value is 0.0130394 m 2 , C 1 , C 2 , C 3 are the capacitances of HP, H1, SC respectively (Jacob and Binu, 2009 ) and y represents the output variable.
From the state space model represented by equations (5) and (6), the transfer function for the above system can be obtained by neglecting the transport delay and substituting the nominal values for the numerical constants, K 1 , K 2 , K 3 and K 4 and the capacitance in the three pressure vessels, C 1 , C 2 , C 3 (Rajani et al., 2012b; Jacob and Binu, 2009) . The linearised transfer function of the system corresponding to equations (5) and (6) 
The state variables of the tunnel system given in equations (5) and (6) are the pressures in the three vessels, P 1 , P 2 , P 3 respectively. The flow rate varies in accordance with the displacement of the stem and hence u = m is considered as the input to the system for regulation of pressure inside the SC. The SC pressure, P 3 represents the output of the system for which a suitable controller is to be designed. The stability for the tunnel system is ensured using Lyapunov stability theorem and the controllability and observability are confirmed using Kalman's test (Rajani and Nair, 2013) .
Controller design
Conventional controllers do not perform efficiently in the presence of variation in process dynamics. For this reason, it is possible to design controllers which can perform under such variations created by perturbations. With the aim of improving the system performance in the presence of disturbances and parametric uncertainties, we design a MRAC scheme for regulation of pressure inside hypersonic wind tunnel. A modified version of this scheme viz: MAC is also designed incorporating suitable modifications to the cost function thereby modifying the update law.
Model reference adaptive controller
MRAC is a direct control technique (Makoudi and Radouane, 1999; Liu et al., 2014) which uses a reference model for closed loop systems based on the MIT rule. Here, the error variable, e(t) which is the difference between the plant output and output of the reference model, an adjustable parameter, θ and a cost function, J(θ) are suitably adjusted to achieve the desired output. The aim is to minimise the cost function J(θ) by adjusting the parameter, θ and therefore it is reasonable to change the parameters in the direction of negative gradient of J(θ). An adaptation mechanism adjusts the control parameters so as to make the system response identical to the response of the reference model (Makoudi and Radouane, 1999; Liu et al., 2014; Zareh and Soheili, 2011; Hieu et al., 2013; Jain and Nigam, 2013; Cao et al., 2016) . The block schematic of MRAC based on MIT rule is given in Figure 3 (Makoudi and Radouane, 1999; Cao et al., 2016; Kiani and Mashhadi, 2016; Mellouli and Boumhidi, 2016; Le and Chen, 2016; Chen et al., 2016; Mozaffari and Azad, 2017) . The plant is the representation of the hypersonic wind tunnel system under consideration and the reference model is a suitably chosen form of the system which provides the output expected from the actual plant. Here, y m (t) is the output of the reference model and y(t) is the plant output. The difference between the plant output and output of reference model is the error variable, e(t). This error is reduced by properly choosing an adjustment parameter, θ. The main aim of MRAC design is to minimise the cost function by adjusting this parameter. The controller output, u(t) is fed to the plant for achieving the desired set point.
The error signal, e(t) is represented as,
e t y t y t = −
In MIT rule, a cost function based on the adjustment parameter, θ is chosen as,
θ is varied in such a way that the cost function is minimised to zero (Maity et al., 2015; Imaduddin et al., 2011; Karray and Feki, 2014; Tuan et al., 2013) . For this purpose, θ is varied in the direction of negative gradient of J as,
Substituting for J(θ) from equation (9) we get,
where e θ ∂ ∂ represents the sensitivity derivative of the system and γ represents the adaptation gain of the controller (Makoudi and Radouane, 1999; Liu et al., 2014; Zareh and Soheili, 2011; Hieu et al., 2013; Jain and Nigam, 2013; Cao et al., 206) . The control law is defined as,
where U c is the reference input. Therefore, the error can be redefined in terms of transfer function as,
where K and K 0 are constants and E(s) is the Laplace transform of the error e(t). The sensitivity derivative can be restated in terms of the model output as,
The update law for θ in equation (11) is redefined based on this sensitivity derivative as,
Equation (15) represents the adjustment law for θ. The adaptive controller for the hypersonic wind tunnel system given in equation (7) is designed based on a chosen reference model.
The appropriate choice of reference model for this system is obtained as, With this reference model, an adaptive controller is designed for the linearised third order transfer function G(s) given in equation (7).
Modified adaptive controller
With the aim of improving the performance of MRAC for hypersonic wind tunnel system, a MAC scheme is designed (Zareh and Soheili, 2011; Kiani and Mashhadi, 2016) . The block schematic of MAC is also based on MIT rule and is same as that of MRAC given in Figure 3 (Makoudi and Radouane, 1999; Cao et al., 2016; Kiani and Mashhadi, 2016; Mellouli and Boumhidi, 2016; Le and Chen, 2016; Chen et al., 2016; Mozaffari and Azad, 2017) . With reference to the figure, hypersonic wind tunnel system is the plant under consideration with y(t) as the plant output and y m (t) as the reference model. The difference between the plant output and output of reference model is the error variable, e(t). In order to reduce the error thereby minimising the cost function, an adjustment parameter, θ is properly chosen. Thus the modified adaptive controller is designed by redefining the cost function as,
( 1 8 ) Hence, the update law will be modified as,
For effective control of chatter, the signum function is replaced by saturation function and the update law is redefined as, 
The reference model chosen in the design of MAC for hypersonic wind tunnel is same as that chosen for MRAC given in equation (17). Finally, the control law is redefined as,
Result and discussion
The effectiveness of MRAC scheme for regulation of pressure inside hypersonic wind tunnel is investigated and the method is suitably modified to improve the performance characteristics and reduce chatter effect. The open loop response of the hypersonic wind tunnel system is studied using appropriate physical and model parameters in the flow equations obtained from the continuity equations (1) to (4) (Rajani et al., 2012b; Jacob and Binu, 2009) . Figure 4 shows the open loop response of SC pressure for an initial pressure of 300 × 105 Pa in the air storage tank. From the figure, it is observed that the SC pressure gradually stabilises and the pressure is fully released in 450 s as observed in Rajani et al. (2012b) and Jacob and Binu (2009) . From the open loop response in Figure 4 , it is clear that the settling time is considerably higher than the test duration for the wind tunnel system which falls in the range of 40-60 s. Therefore, appropriate controllers are to be designed for regulating the SC pressure within the specified test duration. In this paper, a model reference adaptive controller is first designed and analysed. Depending on the performance of MRAC, a new MAC scheme is designed for improving the performance in terms of overshoot, chatter and settling time.
Model reference adaptive controller
For designing MRAC, a suitable reference model is chosen based on the MIT rule. Figure 5 shows the evolution of error in pressure between the system model and the chosen reference model for the set point of 100 × 10 5 Pa. To minimise this error, the cost function and control law of MRAC are suitably designed. The dynamic behaviour is studied by simulating equations (7) to (17) for the tunnel system with the suitably designed MRAC.
The performance characteristics of the above system are evaluated for a range of set point values between 1 × 10 5 Pa to 300 × 10 5 Pa keeping the temperatures of the three vessels at T 1 = 3,000 K, T 2 = 7,000 K and T 3 = 5,390 K (Nott et al., 2009; Rajani et al., 2012b) , respectively. It is observed that the general time evolution of the SC pressure has similar characteristics for all the set point values within the chosen range. The representative results for three set points, 100 × 10 5 Pa, 70 × 10 5 Pa and 50 × 10 5 Pa are shown in Figures 6 to 8 . Figure 6 (a) represents the response of the SC pressure, P 3 of the tunnel system with MRAC for the set point of 100 × 10 5 Pa. From the figure, it is observed that the SC pressure of the system model, y(t) initially overshoots the reference model output y m (t) and settles down to the set points of 100 × 10 5 Pa in 1.375 s. The corresponding percentage overshoot is found to be 330.34%. It is also observed that in this case, the system response is adversely affected by chattering effect and the chattering ranges between 100 × 10 5 Pa to 114.40 × 10 5 Pa. The evolution of error, e(t) for the tunnel system with MRAC is shown in Figure 6 From the response of SC pressure for a set point of 70 × 10 5 Pa shown in Figure 7 , it can be observed that the SC pressure settles down in 1.371 s. However, here also the pressure of the system model initially overshoots the reference model output and the percentage overshoot is observed to be 330.42%. In this case, also the pressure response is adversely affected by chattering effect and the range of chattering is between 70 × 10 5 Pa to 83.50 × 10 5 Pa. For a set point of 50 × 10 5 Pa shown in Figure 8 , the percentage overshoot and settling time are observed to be 330.50% and 1.374s respectively. In this case, the chattering of SC pressure is found to be in the range from 50 × 10 5 Pa to 59.16 × 10 5 Pa. From the above results, it is clearly evident that the general dynamical behaviour of the above system is similar for all the set points under consideration. The settling time, percentage overshoot and chatter falls in the same range for all the set points in the chosen range. These results show that the MRAC designed for the hypersonic wind tunnel system is efficient in controlling the SC pressure within a considerably small time range. However, with the chosen design, the system is adversely affected by very high values of percentage overshoot which is several times higher than the allowable range. The observed percentage overshoot of the SC pressure will drastically affect the safety and performance conditions. From the above results, it can be concluded that with MRAC even though appreciably small settling time could be obtained, the percentage overshoot and chatter effects are not reduced effectively. Hence, for improvement in performance characteristic and reduction in chatter, we propose a modified adaptive controller.
Modified adaptive controller
For improving the performance of MRAC in terms of performance parameters especially the percentage overshoot, appropriate modifications are incorporated into MRAC thereby designing a MAC scheme. The dynamic behaviour of the tunnel system with the MAC is studied by simulating equations (1) to (18).
Figures 9(a) to 9(c) represents the response of SC pressure using the modified update law of MRAC for the same set points of 100 × 10 5 Pa, 70 × 105 Pa and 50 × 10 5 Pa respectively. As discussed in Section 3.2, the cost function of MRAC is modified as in equation (18) and the update law is modified by incorporating the signum function as in equation (19). The response of SC pressure incorporating the above modifications in the controller design is given in Figures 9(a) to 9(c).
Comparing the response of SC pressure in Figure 9 (a) to Figure 9 (c) with those in Figures 6 to 8 , it can be observed that with the proposed modification of cost function, the chatter effect could be slightly reduced. However, the percentage overshoot remains in the same range as in MRAC. Hence, to reduce the percentage overshoot and overcome the chatter effect, the control law is suitably modified as in equation (22). From the figure, it can be observed that with the newly designed MAC, the percentage overshoot is completely suppressed and that error between the system model and reference model is eliminated. The corresponding settling time is observed to be 0.564s which is considerably shorter than that of MRAC for the same set point. It is also noteworthy that the set point is achieved without any chatter effect. From the evolution of error e(t), for the tunnel system with MAC shown in Figure 10 (c), it can be observed that the SC pressure is controlled and maintained exactly at the desired set point. From Figures 11 and 12 , it is clear that the responses of SC pressure for the set points of 70 × 10 5 Pa and 50 × 10 5 Pa are also found to be of similar nature. It is evident from the figures that the settling times in both cases are equal (0.564s) and there is no percentage overshoot. In these cases also the set point is achieved without any chatter effect. figure clearly indicates the effectiveness of the proposed MAC scheme in suppressing the overshoot and providing drastic improvement in the settling time. It can also be observed that the newly proposed control scheme efficiently reduces the chatter effect in the output response. From the above results, it is observed that the MAC scheme is highly efficient in controlling the SC pressure to the specified set point within a very short time of 0.56 s as compared to that of 1.37 s with MRAC.
In addition, the MAC scheme has the advantage of controlling the SC pressure with zero percentage overshoot. This makes MAC scheme highly advantageous compared to MRAC. With the proposed modifications, the chattering effect observed with MRAC is also nullified.
The performance results of MRAC and MAC for regulation of pressure inside hypersonic wind tunnel are compared with existing controllers viz: backstepping (Rajani and Nair, 2013) , LQR and H-infinity controllers (Jacob and Binu, 2009; Rajani et al., 2012a) . The earlier results with backstepping (Rajani and Nair, 2013) controller show that the SC pressure takes 6-8 s to settle without overshoot for the given three set points of 100 × 10 5 Pa, 70 × 10 5 Pa and 50 × 10 5 Pa, respectively. However with LQR controller, the settling time is 15 s and it suffers from an overshoot in the range between 25% to 29% for a given set point. Similarly, H-infinity controller takes 11-12 s to settle the pressure in the SC but with very high overshoot in the range of 70%-90%. The performance of modified adaptive controller is found to be much better than backstepping (Rajani and Nair, 2013) , LQR and H-infinity controllers (Jacob and Binu, 2009; Rajani et al., 2012a) applied to the same system. Percentage overshoot and settling time for MAC proposed here is much lower than other existing linear as well as nonlinear controllers (Jacob and Binu, 2009; Rajani et al., 2012a; Rajani and Nair, 2013) . From the results, it is clear that with MAC scheme, the chamber pressure of the hypersonic wind tunnel system stabilises within 0.56 s.
Conclusions
The regulation of pressure inside the test section is very crucial for hypersonic wind tunnel system, which is achieved by controlling the SC pressure. Here, we propose a MAC scheme by incorporating suitable modifications to the cost function and control law of MRAC. For developing MRAC, a reference model based on MIT rule is selected and an adjustment parameter is designed so as to minimise the cost function. An equivalent control law is designed based on the chosen adaptation gain. The proposed MAC scheme is designed by suitably modifying the cost function and the update law of MRAC. The dynamics of the tunnel system with both MRAC and the newly proposed MAC schemes are simulated and the performance characteristics are evaluated.
Results of MRAC indicate that even though the control scheme has the advantage of achieving a settling time of less than 2 s, it induces an overshoot around 330% for all the set points which crosses the limit of the pressure vessels. In addition, it also has the disadvantage of chatter in the output response. The above drawbacks make MRAC unsuitable for regulation of pressure in hypersonic wind tunnel which demands modifications in the control design. For this purpose, the cost function is suitably modified and the performance is evaluated. With this modification, the chatter effect present in the response with the use of MRAC is found to be eliminated. However, no improvement is obtained in the overshoot and the settling time remains the same as with MRAC. In order to suppress the overshoot, further modifications are incorporated in the update law to obtain a final modified control law. With the additional modification in the update law, the response of the SC pressure is found to improve in terms of overshoot and settling time. The overshoot is nullified with this scheme and the settling time obtained is 0.57 s which is found to be half of that obtained with MRAC.
The results of our investigations show that the newly proposed MAC scheme effectively controls the SC pressure within a very short time. For hypersonic wind tunnel systems, as the test duration is very short, the settling time is a crucial parameter. Moreover, with the new scheme the percentage overshoot observed with MRAC is completely eliminated. In addition the newly designed MAC has the ability to eliminate the unwanted chattering resulting from discontinuous control. The above advantages make the proposed MAC scheme highly suitable for regulating the pressure inside the SC of the hypersonic wind tunnel system. However, the economic aspect of the proposed schemes is to be evaluated. Such studies can contribute to the effective implementation of the proposed scheme in future pressure regulation applications.
